Density functional theory (DFT) study of polypyrrole-TiO 2 composites has been carried out to explore their optical, electronic and charge transfer properties for the development of an efficient photocatalyst. Titanium dioxide (Ti 16 O 32 ) was interacted with a range of pyrrole (Py) oligomers to predict the optimum composition of nPy-TiO 2 composite with suitable band structure for efficient photocatalytic properties. The study has revealed that Py-Ti 16 O 32 composites have narrow band gap and better visible light absorption capability compared to individual constituents. The simulated results of band structure (band gap, and band edge positions), molecular orbitals, and UV-vis spectra of the optimized nPy-Ti 16 O 32 systems strongly support the existence of strong interactions between Py and TiO 2 in the composite. A red-shifting in max , narrowing band gap, and strong intermolecular interaction energy (-41 
Introduction
Nanostructured TiO 2 is one of the most investigated photoactive materials due to its excellent electronic structure and high stability to photocorrosion under redox conditions [1] [2] [3] . TiO 2 has drawn much attention due to its potential applications in solar energy conversion (such as photocatalytic water splitting and dye-sensitized solar cell), environmental cleaning (photocatalytic degradation of pollutants, self-cleaning, and water purification), and bio-sensing [4] [5] [6] [7] . The solar energy conversion and photocatalytic efficiency of TiO 2 is limited due to its wide band gap (3.20 eV), as it can only absorb UV region of the solar spectrum [8] . Along with wide band gap, TiO 2 also suffer from high charge recombination rate (photogenerated electron−hole pair) which hindered the photocatalytic activity [9] . Strategies such as noble metal deposition as co-catalyst, metal or non-metal doping and photosensitization have been adopted to tailor band gap and enhance the charge transport properties to improve the photocatalytic performance of TiO 2 [10, 11] .
Conjugated organic polymer (COPs) [12] [13] [14] having spatially extended -bonding system become potential energy materials due to their unique electrical and optical properties, such as high that nPy has excellent tunable, optical and electroactive properties [25] [26] [27] . In this work, we have detailed theoretical investigation of charge transfer mechanism between nPy and TiO 2 (molecular cluster; Ti 16 O 32 ) in a connected junction such as nPy-TiO 2 nanocomposite. The present article is focused on the investigation of important photocatalytic parameters such as (i) interaction of Ti 16 O 32 with PPy oligomers to find out electron−hole transformation, (ii) band structure alteration, (iii) mechanism of charge (electron/hole) transport (vi) optimisation of oligomeric length of Py for efficient performance and (v) structure-property relationship. The study is aimed to provide a better understanding of the electronic structure of nPy-Ti 16 O 32 nanocomposite and will open new direction to synthesize an efficient nPy-TiO 2 nanocomposite photocatalyst with the optimized composition for visible light photocatalysis. Moreover, this work will also inspire computational scientists to explore structural property relationship of other COPmetal oxide nanocomposites.
Methodology
Interaction of molecular cluster of Ti 16 O 32 with nPy oligomers (n = 3, 5, and 9) are performed with the help of density functional theory (DFT). All DFT calculations [28, 29] were carried out on GAUSSIAN 09 [30] and the results were visualized through Gabedit [31] , GaussSum [32] , and GaussView [33] . DFT and time-dependent DFT (TD-DFT) calculations were performed at B3LYP with LanL2DZ basis set for the determination of electronic structure properties of nPy-Ti 16 O 32 , as an efficient photocatalyst. Oligomers up to eight repeating units can accurately represent its polymeric characteristics so, oligomeric size is restricted to nine repeating units [28, 29] . A molecular cluster of Ti 16 O 32 is added to the oligomeric backbone of nPy and then optimized. Geometries of nPy-Ti 16 O 32 (n = 3 to 9) systems were optimized at B3LYP/LanL2DZ level and confirmed from frequency calculations. The non-bonding and bonding interaction energies in nPy-Ti 16 O 32 are simulated with help of interaction energy ( E Int ) and geometrical counterpoise correction (gCP). The gCP is able to treat both inter-and intra-molecular BSSE on the same footing at low computational cost. The B3LYP-gCP-D3 [34] interaction energy is simulated from the Grimme Web service [35] . The E Int and gCP-D3 are calculated from equations 1 and 2, respectively.
(1)
UV-vis spectra are simulated at hybrid TD-DFT with pseudopotential of LanL2DZ. Natural bonding orbitals (NBO) analysis performed for the charge simulations. All these calculations were performed in the gas phase. To understand physical significance of nPy-TiO 2 at the molecular level, it is important to select an appropriate TiO 2 cluster as a representative of its bulk. The interactions between nPy and TiO 2 surface can be described in two different ways; the cluster model and periodic surface models [36] . For the surface representation of TiO 2, we have used cluster models, consisting of 48 and 84 atoms which are applicable to the molecular quantum chemistry [36] . Electronic properties such as HOMO, LUMO, band gap, and optical gap of isolated TiO 2 Fig. 1 , while their comparative geometrical parameters are listed in Table 2 . Analysis of the data (Table 2) proves that there is no significant difference between geometrical parameters of bulk (crystal/condensed phase) and molecular cluster (gas phase), confirming that Ti 16 The O-H inter-molecular bonds in the studied systems are strong bonds and can be regarded as covalent bonding. On the other hand, simulated Ti-C bond distances in the range of 2.30-2.70 Å confirm the formation of a strong electrostatic interaction. Jeffery et al. have reported that 2.2-2.5 Å of hydrogen bonding will be "strong, mostly covalent", 2.5-3.2 Å as "moderate, mostly electrostatic" while 3.2-4.0 Å as "weak, mostly electrostatic" along with following bond energies, −40 to −14, −15 to −4, and <-4 kcal/mol, respectively [37] . Comparative analysis of simulated inter-molecular bonding (including Fig. S1 and S2) led us to conclude that Ti 16 O 32 make a strong composite with Py oligomers.
Interaction energy in nPy-Ti 16 O 32 composites
Ti 16 O 32 and PPy oligomers have a good interaction which is mostly covalent and electrostatic, simulated from interaction energy ( E int ) and geometrical counterpoise corrected ( E gCP-D3 ) methods (Table 3) . The E gCP-D3 method is employed to minimize the geometrical and dispersion factors. The result of this Table 3 Inter-molecular interaction energy ( E int ), geometrical counterpoise corrected energy ( EgCP-D3), in kcal/mol), and NBO charges analysis of nPy-Ti16O32. O 32 indicate that 7Py make stronger nanocomposite. In summary, the amount of this interaction energy also evidences the existence of strong types of bonds between these two species which led to the confirmation of stable composite.
Natural bonding orbital analysis
Inter-molecular charge transfer between nPy and Ti 16 O 32 are simulated with natural bonding orbital (Q NBO ) charge analysis at B3LYP with pseudopotential of LanL2DZ. As discussed elsewhere, these charge analyses are basis set dependent but with the same level of theory [such as B3LYP/6-31G (d), UB3LYP/6-31G (d), UB3LYP/6-311++G (d, p) or B3LYP/LanL2DZ] etc., for different structures the results would provide meaningful trends [38, 39] .
In connection with previous sections, Ti 16 O 32 interacts with nPy oligomers through strong hydrogen (mostly covalent) and electrostatic (Ti C). The analysis of NBO simulation indicates that Ti C bond is the main charge transferring paths in all nPy-Ti 16 O 32 composites. The net charge transfer in all nPy-Ti 16 O 32 composites is listed in Table 3 while individual ring charges are listed in Table 4 along with Ti 16 O 32 attached-Py rings. Analysis of data in Table 4 confirms the electron accepting nature of Ti 16 O 32 in the composite as it withdraws electronic cloud density from Py oligomers to about 0.40 to 0.70 e − which results in a cationic state in nPy oligomers, responsible for better electrical conductivity [40] [41] [42] . 
Electronic properties simulation
The electronic properties such as IP, EA, HOMO, LUMO, ESP, DOS and band gap of isolated as well as nPy-Ti 16 O 32 composites was estimated at B3LYP/LanL2DZ level. The SCF and negative of HOMO orbital energies are almost similar, especially for long chain systems. The IP energy is estimated from the negative of HOMO while the EA is obtained from negative of LUMO, using Koopman's theorem. Higher the EA and IP values of a chemical substance, greater will be its electroactivity and stability. The HOMO and LUMO energies (band edge positions) of isolated Ti 16 O 32 are listed in Table 5 while frontier molecular orbitals are shown in Fig. 4 .
Our simulated band gap value for Ti 16 O 32 is 3.06 eV at B3LYP/LanL2DZ level, which is close to that of the observed data (3.20 eV) [40] . The difference is because of molecular cluster simulation as reported by Troisi et al. [41] ; different simulation packages, cluster size, and level of theories give rise to different band gaps. Usually, the band gap decrease with increase in the size of the cluster and it is expected that this will also converge to the bulk value like that of the total energy [41] . Best reactive sites of both of the Ti 16 O 32 and nPy oligomers are estimated from molecular electrostatic potential (MEP) as shown in Fig. 4 and 5. Based on these MEP plots, Ti 16 O 32 and nPy oligomers interacted at a suitable distance.
Ionization potential
Interaction of Ti 16 O 32 with nPy increases the IP of nPy oligomers indicating the increased stability of the resulted composite as can be seen from the delocalized contours (Fig. 5) . Higher the IP more will be the stability of a chemical substance. In case of 3Py-Ti 16 O 32 composite, the increase in IP is about 0.96 eV which consequently narrow its band gap from 4.27 to 2.12 eV (as discussed in band gap section below). A similar trend is observed in rest of the nPy oligomers in nPy-Ti 16 O 3 composites, except 9Py-Ti 16 O 3 composite, where negligible change (IP value) has been observed which can be attributed to lower interaction ability of their molecular orbitals. The increase in IP value of nPy-Ti 16 O 3 composites is clearly depicted in Fig. 6 . 
Band gap and molecular orbitals energy
Both optical and electrical band gaps are simulated at SCF (excitation energy with higher oscillator strength) and B3LYP (difference of HOMO-LUMO orbitals), listed in Tables 5 and 6 . Analysis of the data (Table 5) HOMO/LUMO of nPy through establishing strong covalent types of bonding ( Furthermore, the density of states plots for four these composites are correlatively shown in Fig. 10 , which highlight a substantial variation in their band edges shifting compared to their individual constituents.
G Model
The homogeneous MEP plot (Fig. 9 ) of these composites confirm the excellent interaction between nPy and Ti 16 O 32 cluster by mutually sharing of their electronic cloud densities. One can easily observe how the HOMO and LUMO of Ti 16 O 32 (red spectra) and nPy (black spectra) interacted and resulted stable and ideal (align band edges with redox potential of water) nPy-Ti 16 O 32 (blue spectra) composites. This theoretical investigation will guide and minimize the synthetic effort in term of interaction and mixing ratios. So, from experimental point view, we don't need to synthesize an infinite chain length of PPy, the routine oligomer (up to 6 or 8 repeating units) will be a best fit for the commercially available TiO 2 (anatase). Furthermore, the study also provides insight into improving the band structure, charge transport and determination of physical and chemical bonding between nPy and TiO 2 species.
UV-vis study
UV-vis spectra of nPy, Ti 16 O 32 , and nPy-Ti 16 O 32 are simulated in the gas phase at TD-DFT/UB3LYP/LanL2DZ level. The first allowed electronic excitation energies are correlated with the experimentally observed max , which are listed in Fig. 11 and Table 6 . Three prominent band peaks are found in the UV-vis spectra of nPy oligomers where the high wavelengths one is referred as max ; the transition of an electron from valence to conduction band. Interaction of Ti 16 O 32 with nPy oligomers (Fig. 11 and Table 6 ) cause a red-shifting in the max of nPy. This red-shifting in max of all nPy oligomers illustrates the n-type doping nature of Ti 16 O 32 .
In the case of 3Py, the excitation energy of → * transition increased from 296 to 663 nm in the resulted composite (3Py-Ti 16 O 32 ), which evidences the establishment of strong bonding. As shown in Table 6 , Ti 16 O 32 increases the first allowed electronic excitation energy of 5Py to about 707 nm, 420 nm in 7Py, and 2493 nm in 9Py. This substantial increase can be attributed to improved conductivity/delocalization of the composites compared to isolated nPy oligomers (vide infra).
The individual Ti 16 O 32 and nPy oligomers are unable to absorb in the visible range, however, nPy-Ti 16 O 32 composites have excellent absorption capability in the visible region (Table 6 ) due to (Fig. 11) indicating that eight or nine repeating unit of PPy would be an excellent oligomeric chain length to develop an efficient visible light active photocatalyst (composite). This argument is also in good agreement with the other parameters discussed above.
Conclusions
Density functional theory study (DFT) of pyrrole-Ti 16 O 32 bounded systems are carried out to find their interaction to tailor the best composite for the photodegradation of environmental pollutants and solar water splitting. Inter-molecular interaction energy in nPy-Ti 16 O 32 cluster as an acceptor in the resulted composites. Finally, the oligomeric length of eight/nine in the composite is found to be an optimum for the designing of an efficient photocatalyst. This theoretical investigation will minimize the synthetic effort such as mixing ratios of TiO 2 and PPy oligomers. Although, other components present in the cell might affect the nPy-TiO 2 interactions, but this basic theoretical study guides us about its possibility to be used as a photocatalyst. The study will also guide experimental scientists to improve the band structure, optical, physical and chemical properties of COP-TiO 2 and other metal oxide composites.
